Pathways through which glucose induces a rise in [Ca2]i of polymorphonuclear leukocytes of rats. Basal levels of [Ca2}i arc elevated in diabetes mellitus. Such an abnormality is most likely due to both increased calcium influx into cells and decreased efflux of this ion out of the cells. The present study examined the cellular pathways that are responsible for hyperglycemia-induced acute rise in polymorphonuclear leukocytes (PMNL), and explored whether such a rise is due to increased calcium entry into PMNL and/or to calcium release from their intracellular stores.
hyperglycemia-induced acute rise in polymorphonuclear leukocytes (PMNL), and explored whether such a rise is due to increased calcium entry into PMNL and/or to calcium release from their intracellular stores.
There were dose dependent and time dependent rises in the [Ca21i of PMNL exposed to high concentrations of glucose. Similar effects were observed when the PMNL were exposed to high concentrations of choline chloride or mannitol. A substantial part of the risc in [Ca2]i was inhibited when the media contained verapamil or nifedipine or when the PMNL were placed in calcium free media, and the rise in [Ca21i was completely abolished when the PMNL were placed in calcium free media containing ryanodine. GDPI3S or pertussis toxin almost completely prevented the glucose-induced rise in [Ca21i of PMNL. Rp-cAMP, H-89 or staurosporinc produced significant inhibition of the rise in [Ca2]i. High concentrations of glucose produced a dose dependent shrinkage of PMNL volume over a period of two hours. The volume of PMNL, however, was normal after 24 hours in in vitro incubation studies as well as after 1,2 and 12 days of streptozotocin-induced hyperglycemia in rats. The results are consistent with the formulation that the Osmotic activity (cell shrinkage) of the high glucose concentrations activates G protein(s) which then stimulates the adenylate-cAMP-protein kinase A pathway, phospholipase C system and calcium channels. The stimulation of these cellular pathways permits both calcium influx into the PMNL as well as mobilization of calcium from their intracellular stores. Both of these events contribute to the acute rise in their [Ca21i. It is possible that the rise in [Ca2Ii is critical for the stimulation of the events that lead to the generation and accumulation of inorganic osmolytes to restore cell volume to normal.
Studies in patients with diabetes mellitus and in animals with experimental diabetes showed that the basal levels of cytosolic calcium ([Ca2Ji) of many cells are elevated . A rise in the basal levels of [Ca2 ]i is usually due to a combination of increased calcium influx into cells and a decreased calcium efflux out of cells.
Indeed, these abnormalities were encountered in chronic renal failure [101 and in phosphate depletion [11] , conditions that are associated with elevated basal levels of [Ca2 ji in many cells.
It is plausible, therefore, to assume that both augmented Received for publication April 26, 1996 and in revised form July 1, 1996 Accepted for publication July 1, 1996 © 1996 by the International Society of Nephrology calcium entry into cells and decreased calcium exit out of them are present in diabetes mellitus. [18] [19] [20] [21] [22] [23] [24] , but an increase or no change in the activities of these pumps have also been reported [25] [26] [27] [28] .
The mechanisms responsible for the potential derangements in calcium influx into and/or efflux out of cells in diabetes are not well understood. We have recently reported that the basal levels of [Ca2]i are elevated in polymorphonuclear leukocytes (PMNL) from patients with type II diabetes mellitus [9] . Therefore, these cells are useful for the evaluation of the mechanisms leading to a rise in [Ca2]i in diabetes. The present study examined the cellular pathways that are activated by hyperglycemia leading to an acute rise in [Ca24 ]i of PMNL from normal rats and evaluated whether such an acute rise in [Ca2}i is due to calcium influx into PMNL and/or to the release of calcum from their intracellular stores.
Methods
Normal Sprague-Dawley rats weighing 285 to 310 (mean 298 0.4) g were used. On the day of the experiment, the rats were put under light anesthesia, and blood was drawn directly from the heart under sterile conditions. The blood was placed into sterile test tubes containing 100 U of preservative free heparin (Gibco Laboratories, Grand Island, NY, USA) per 1 ml of blood. PMNL were isolated from the whole blood according to the method described by Ferrante and Thong [291 with modification. A total of 3.0 ml of fresh heparinized blood was placed over two layers of Ficoll-Hypaque solution in 15 ml conical polypropylene tubes.
The bottom layer was made of 3 ml Mono-Poly Resolving Medium with density of 1.114 g/ml (Flow Laboratories, Inc., To determine whether the effect of hyperglycemia was due to glucose, per se, or to its osmotic action, we examined the effect of choline chloride or mannitol added to the 5.5 m glucose medium to generate similar osmotic effect to that produced by a higher concentration of glucose. Choline chloride or mannitol produced quantitatively similar effect on [Ca2]i of PMNL as glucose ( We then studied the effect of ryanodine, an agent that depletes [31] and/or inhibits calcium release [32] from intracellular stores, in order to examine whether mobilization of calcium from intracellular stores contributes to the glucose-induced rise in [Ca2]i. PMNL were incubated for different time periods in media con- The finding that high glucose or choline chloride mobilizes intracellular calcium stores suggests that these agents activate intracellular pathways. We, therefore, examined whether a (i protein(s) was involved in this process. To this end, we evaluated the effect of the G protein inhibitor, GDPj3S, and of pertussis toxin, an agent that prevents receptor-mediated processes which utilize G proteins [33] . Figure 6 depicts the effect of various doses of GDPf3S and of pertussis toxin on the glucose or the choline chloride-induced rise in [Ca2ji of PMNL incubated with these agents for one hour. GDPI3S in a dose dependent manner inhibited the rise in [Ca2]i produced by glucose or choline chloride. At 100 ILM of GDP/3S, the rise in [Ca2]i was negligible. Pertussis toxin exerted similar effects to that observed with GDPI3S, in that it caused a dose dependent inhibition of the glucose or the choline chloride-induced rise in {Ca2]i, and at a concentration of 0,4 j.tg of pertussis toxin!dl, the effect of glucose was almost completely abolished.
Activation of G protein(s) would stimulate the adenylatecyclase-cAMP pathway [33] , the phospholipase C pathway [33] and may directly activate calcium channels [34] . We, therefore, examined the effects of agents that interfere with the adenylate cyclase-cAMP-protein kinase A pathway. Both Rp-cAMP, a competitive inhibitor of cAMP binding to the R subunit of protein kinase A [35] and H-89, an inhibitor of protein kinase A [36] caused a dose-dependent inhibition of the glucose or the choline chloride-induced rise in [Ca2 ]i of PMNL after their incubation for one hour with these agents (Fig. 7) . TPA, an activator of protein kinase C, produced a significant (P < 0.01) dose dependent rise in the [Ca2]i of PMNL incubated for one hour in medium containing 5.5 mM glucose and 1 mM CaCl2 (Fig. 8) . Staurosporine, an inhibitor of protein kinase C [37] , caused a dose dependent inhibition of glucose or choline chloride-induced rise in [Ca2]i of PMNL incubated for one hour with these agents (Fig. 9) . Staurosporine alone did not alter the (Fig. 10) . These observations and those of the present study suggest that either L-type calcium channels do exist in PMNL or other types of calcium channels inhibitable by verapamil or nifedipine may be present in PMNL [45] . pathway [33, 461 , which leads to the generation of inositol 1,4,5-triphosphate (1P3) and diacylglycerol and to the activation of protein kinase C. These parameters were not measured in the present study. However, two observations in our study support the notion that protein kinase C of the PMNL is activated during their exposure to high concentrations of glucose or choline chloride. First, staurosporine, an inhibitor of protein kinase C activity [37] [55] . Such an action will permit calcium influx into cells. It is also theoretically possible that protein kinase C may stimulate L-type and/or other calcium channels. Our finding that verapamil caused significant inhibition a TPA-induced rise in [Ca2]i of PMNL support the proposal that protein kinase C activates calcium channels of PMNL.
An additional potential mechanism through which calcium enters into PMNL during their exposure to high concentration of glucose or choline chloride is the activation of Na-H exchanger by cell shrinkage [56, 57] . Such a process would lead to H exit out of PMNL with a consequent sodium accumulation in these cells, an event that would stimulate the Na-Ca2 exchange leading to calcium entry into PMNL. Many cells possess stretch-activated cation channels that permit non-selective movements of cations [58] [59] [60] . These channels may be activated during expansion or shrinkage of cell volume. If such channels exist in PMNL and if shrinkage of their volume during the exposure to high concentration of glucose or choline chloride stimulates such channels, we would expect an increase in calcium influx into the PMNL, thus contributing to the rise in their [Ca2]i. At present no data are available to prove or refute the existence of such channels in PMNL.
The activation of phospholipase C pathway leads to generation of 1P3. The latter mobilizes calcium from intracellular stores. Such a process would explain the glucose or choline chlorideinduced rise in [Ca2]i of PMNL when they are placed in a calcium free medium. Also a rise in [Ca2]i by itself may cause further increase in [Ca2]i by a calcium-induced calcium release from intracellular stores [61] .
Taken together, the results of the present study are consistent with the formulation that hypertonic media (glucose or choline chloride) causes shrinkage in cell volume. This is recognized by a cell membrane sensor (a potential receptor) or cytoskeleton of the cell that activates a G protein(s), which is followed by: (1) stimulation of the adenylate cyclase-cAMP-protein kinase A system with consequent phosphorylation of calcium channels; (2) activation of the phospholipase C system leading to stimulation of protein kinase C with consequent activation of calcium channels; (3) direct activation of calcium channels; and (4) the stimulation of phospholipase C generates 1P3 that induces calcium release from intracellular stores. All these pathways and a possible calcium-induced calcium release from intracellular stores may contribute to the glucose or choline chloride-induced rise in Maintenance of cell volume is critical for cell survival. Therefore, when cells arc exposed to hypotonic or hypertonic surroundings, they initiate cellular events to allow them to bring their volume back to normal [62, 63] . This is done in major part by the exit of organic osmolytes during cell swelling or the accumulation of such osmolytes during cell shrinkage [63, 64] . The exact cellular signals that trigger the loss of osmolytes or their accumulation during changes in cell volume are not well defined. Activation of G protein [65] and a rise in [Ca21i [661 have been implicated. Our data showed that shrinkage of PMNL was associated with activation of a G protein(s) that leads to the stimulation of a variety of cellular pathways culminating in a rise in their [Ca2]i. It is possible that this rise in [Ca2]i is necessary to trigger the production and accumulation of organic osmolyte that would bring the volume of PMNL back to normal.
In our study, the volume of the PMNL was reduced within one minute after their exposure to hypertonic media and remained so for two hours but became normal after 24 hours. Also PMNL obtained from rats rendered diabetic with streptozotocin for 1, 2, and 12 days had normal volume but elevated [Ca2]i. These observations suggest that the restoration of PMNL volume after their shrinkage is slow. This is not surprising, since the production and accumulation of sorbitol, one of th major osmolytes generated during cell shrinkage, proceeds slowly [63] . Indeed, the induction of aldose reductase, which stimulates sorhitol production, becomes evident six hours after cell shrikage and reaches maximal activity within two to three days [67] . Therefore, the slow return of the volume of PMNL to normal observed in our study is consistent with the notion that accumulation of sorbitol in PMNL plays an important role in their volume regulation during exposure to hypertonic media. Support for such a role for aldose reductase is provided by the finding that the activity of this enzyme in PMNL from patients with type I diabetes is increased [68] . However, serial measurements of the mRNA and the activity of aldose reductase as well as sorbitol content of PMNL after their exposure to a hypertonic medium are needed to confirm this formulation. If this postulate is substantiated, one may consider that the elevation in basal levels of [Ca2]i in uncontrolled diabetes and sustained hyperglycemia is a trade off for the maintenance of normal cell volume. The observation that the normalization of blood glucose in diabetes patients (that is, reduction in the extracellular osmolality) was followed by return of [Ca2]i of PMNL to normal levels supports this notion [691.
